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(57) ABSTRACT 

A traveling Wave optical modulator comprising a substrate 
made of a ferrodielectric electro-optic single crystal and 
having a pair of opposing main planes, an optical Waveguide 
formed on a side of one of the main planes of the substrate, 
and a pair of electrode ?lms Which apply a voltage for 
modulating a light transmitting through the optical 
Waveguide and betWeen Which the optical Waveguide is 
located, Wherein the thickness of each of the electrode ?lms 
is not less than 20 pm and a Width of a gap betWeen a pair 
of the electrode ?lms is not less than 25 pm. 

5 Claims, 10 Drawing Sheets 
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TRAVELING WAVE OPTICAL MODULATOR 

BACKGROUND OF THE INVENTION 

(1) Field of the Invention 
The present invention relates to traveling Wave optical 

modulators. 

(2) Related Art Statement 
First, the speed mismatching of the traveling Wave optical 

modulator Will be eXplained. In the traveling Wave electrode, 
the speed of the light traveling through the optical 
Waveguide largely differs from that of electric signals 
(macroWaves) propagating in the electrode. Assume that the 
speeds of the light propagating in the crystal and that of the 
microWave are taken as V0 and Vm, respectively. For 
example, an LiNbO3 optical modulator With a planar type 
electrode is as folloWs. The LiNbO3 single crystal has a 
refractive indeX of 2.15, and the speed of the light traveling 
the optical Waveguide is in reverse proportion to the refrac 
tive indeX. On the other hand, the effective refractive indeX 
of the microWave is given by a square root of a dielectric 
constant near a conductor. The dielectric constant of the 
LiNbO3 single crystal is uniaXial: 28 in a Z-aXis direction 
and 43 in a Y-aXis direction. Therefore, under consideration 
of an effect of air having a dielectric constant of 1, the 
effective refractive indeX of the microWaves in the LiNbO3 
optical modulator Which has no Si buffer layer and the 
thinner thickness T of the electrode ?lm, is about 4, Which 
is about 1.9 times as much as 2.15. Therefore, the speed of 
the light Wave is about 1.9 times as much as that of the 
microWaves. 

The light-modulating band Width “fm” or the upper limit 
that of the modulating speed is in proportion to a reciprocal 
of a difference in speed betWeen the light Wave and the 
microWave. That is, fm 1/(Vo-Vm). In case of the LiNbO3 
optical modulator as mentioned above, assuming that the 
electrode less is 0, the band Width fm X the electrode length 
“1” has a limit of 9.2 GHZ-cm. The longer the electrode, the 
more conspicuous is the in?uence of the limit of the opera 
tion speed. Therefore, it is strongly demanded to put into 
existence an optical modulator having a Wide band range 
and a highly effective characteristic. 

In order to solve the above problem, the present inventors 
reported in JP-A 10-133,159 that a traveling Wave optical 
modulator can be successfully operated at 10 GHZ or more 
When a thin portion is provided at a substrate of the 
modulator under the optical Waveguide, and the thin portion 
is reduced to 10 pm or less. In the folloWing,the relationship 
betWeen the thickness of the thin portion and the modulating 
band range is shoWn. 

TABLE 1 

Thickness of the thin portion (,um) 5 1O 2O 50 100 300 
Modulating band range (GHZ-cm) 100 30 2O 15 1O 10 

In an actual production of such a modulator, hoWever, it 
Was difficult in Working to thin the substrate. Particularly, if 
the substrate is thinner than 10 pm, the yield decreases due 
to cracking of the substrate. As the thickness of the substrate 
is reduced to thinner than 10 pm, an effect of trapping the 
light inside the optical Waveguide in a vertical direction 
becomes stronger, so that the ?eld of the optical Waveguide 
mode is deformed ?at. Therefore, the mismatching increases 
betWeen the optical ?eld of the Waveguide thinned portion 
and the optical ?eld of the Waveguide non-thinned portion or 
the optical ?ber, thereby increasing a coupling less. In order 
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2 
to solve these problems, it is necessary that a velocity 
matching condition is found out in a modulating range of not 
less than 100 GHZ-cm, While maintaining the thickness of 
the substrate at not less than 10 pm. 

SUMMARY OF THE INVENTION 

It is an object of the present invention to enable a velocity 
matching betWeen microWaves and optical Waves in a modu 
lating range of not less than 100 GHZ-cm in a traveling Wave 
optical modulator, While maintaining the thickness of the 
substrate at not less than 10 pm, While not necessitating a 
reduction in thickness of a substrate doWn to less than 10 
pm. 

The present invention relates to a traveling Wave optical 
modulator comprising a substrate made of a ferrodielectric 
electro-optic single crystal and having a pair of opposing 
main planes, an optical Waveguide formed on a side of one 
of the main planes of the substrate, and a pair of electrode 
?lms Which apply a voltage for modulating a light trans 
mitting through the optical Waveguide and betWeen Which 
the optical Waveguide is located, Wherein the thickness of 
each of the electrode ?lms is not less than 20 pm and a Width 
of a gap betWeen a pair of the electrode ?lms is not less than 
25 pm. 

These and other objects, features and advantages of the 
invention Will be appreciated When read in connection With 
the attached draWings, With the understanding that some 
modi?cations, variations and changes of the invention could 
be made by the skilled in the art to Which the invention 
pertains. 

BRIEF DESCRIPTION OF THE INVENTION 

For a better understanding of the invention, reference is 
made to the attached draWings, Wherein: 

FIG. 1 is a sectional vieW of schematically illustrating a 
traveling Wave optical modulator 1 according to one 
embodiment of the present invention. 

FIG. 2 is a graph shoWn the relationship betWeen the 
thickness T of the electrode ?lm and the effective refractive 
indeX nmW. 

FIG. 3 is a graph shoWing the relationship betWeen the 
thickness T of the electrode ?lm and the characteristic 
impedance. 

FIG. 4 is a graph shoWing the relationship betWeen the 
thickness T of the electrode ?lm and Vat-L. 

FIG. 5 is a graph shoWing the relationship betWeen the 
Width S of the gap betWeen the electrodes and the effective 
refractive indeX nmW of the microWave. 

FIG. 6 is a graph shoWing the relationship betWeen the 
Width S of the gap betWeen the electrodes and the charac 
teristic impedance. 

FIG. 7 is a graph shoWing the relationship betWeen the 
Width S of the gap betWeen the electrodes and Vs'vL. 

FIG. 8 is a graph shoWing the relationship betWeen the 
thickness “d” of the substrate and the effective refractive 
indeX nmW of the microWave. 

FIG. 9 is a graph shoWing the relationship betWeen the 
thickness “d” of the substrate and the effective refractive 
indeX nmW of the microWave. 

FIG. 10 is a graph shoWing the relationship betWeen the 
thickness “d” of the substrate and the characteristic imped 
ance Zc. 

FIG. 11 is a graph shoWing the relationship betWeen the 
thickness “d” of the substrate and Vs'vL. 
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In the folloWing,the present invention Will be explained in 
more detail With reference to the attached drawings. 

FIG. 1 is a sectional vieW of a traveling Wave optical 
modulator according to one embodiment of the present 
invention. 
A substrate 2 is made of a ferrodielectric electro-optic 

single crystal. Such a crystal is not limited to any particular 
one, so long as it enables the optical modulation. HoWever, 
one or more kinds of single crystals selected from the group 
consisting of a single crystal of lithium niobate, a single 
crystal of lithium tantalate, and a single crystal of lithium 
niobate-lithium tantalate solid solution is particularly pre 
ferred. 

The substrate 2 has a pair of main planes 2a, 2b. A recess 
3 is formed at a side of the main plane 2b, so that a thinned 
portion 2f is formed in the substrate at an area Where the 
recess 3 is formed. Optical Waveguides 5A and 5B are 
formed at a side of the main plane 2a at a location corre 
sponding to the thinned portion 2f. Reference numeral 2g 
denotes a thick portion and a bottom Wall face of the thinned 
portion, respectively, 26 denoting an inner Wall face of the 
thick portion 2g. 
An electrode ?lm 6 is formed on one main plane 2a of the 

substrate 2. Since the substrate 2 is a x-cut substrate, the 
optical Waveguides 5A and 5B are located inside gaps 4A 
and 4B among the electrodes 6, respectively, to utiliZe the 
largest electrooptic coef?cient r33. 

In the present invention, the thickness T of the electrode 
?lm is not more than 20 pm, and the Width S of the gap 4a, 
4b betWeen a pair of the electrode is 25 pm. 

In the use of the substrate having a con?guration shoWn 
in FIG. 1, a part of an electric ?eld is exposed in the recessed 
portion 3 (air layer), thereby reducing the effective refractive 
index nmW. That portion of each electrode ?lm 6 Which 
functions to produce the electric ?lm 6 exists on the thinner 
portion, that is, above the recessed portion 3. Therefore, if 
the electrode ?lm 6 is thickened, the center of the electric 
?eld goes up, so that the electric ?eld is unlikely to ooZe out 
into the air layer 3. Therefore, it is feared that the effective 
re?ective index nmW of the microWave does not almost 
change, and instead, the drive voltage Vat increases. 
HoWever, When a traveling Wave optical modulator having 
the con?guration shoWn in FIG. 1 Was actually produced, it 
Was discovered contrary to expectation that increase in the 
thickness of the electrode ?lm 6 decrease the nmW. In 
addition, it Was con?rmed that the drive voltage is not 
dependent upon the thickness T of the electrode ?lm 6. 

Further, examination of the relationship betWeen the 
effective refractive index of the microWaves and the Width S 
of the gap through changing the Width of the gap 4A, 4B 
betWeen the electrode ?lms 6 in various Ways revealed that 
particularly the nmW value is reduced When the S value is set 
at not less than 25 pm. 

Therefore, it is discovered that if the thickness T of the 
electrode ?lms is not less than 20 pm and the Width of the 
gap 4A, 4B betWeen the electrode ?lms 6 is not less than 25 
pm, the effective refractive index nmW is conspicuously 
decreased. As a result, it is revealed that even if the thickness 
d of the substrate 2 is set, for example, at 10 pm in an area 
Where the optical Waveguide is formed, a completely phase 
matching condition Which the speed of the microWave equal 
to the one of the light Waves can be satis?ed and the 
characteristic impedance can also be adjusted to 50 Q. 

Further, if the thickness T of the electrode ?lm is 20 pm 
or more, the surface area of the electrode ?lm increases, 
Which enables reduction in the conductor less 0t. Therefore, 
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4 
the modulating band Width determined by the effective 
refractive index, the characteristic impedance and the elec 
trode less can be further enlarged. 

On the other hand, according to the present invention, 
since the Width of the gap 4A and 4D betWeen the electrode 
?lms is increased, it is feared that the drive voltage Vec 
increases. HoWever, in the modulator using the substrate 
With both the thin portion 2f and the thick portion 2g, no 
buffer layer is required, so that the drive voltage can be 
reduced as compared With a conventional modulator using a 
buffer layer. For example, if the Width of the gap 4A, 4B is 
set at 35 pm, VmL can be 9.5V-cm. 

In the present invention, the thickness d of the substrate 
in an optical Waveguide-forming area is preferably 10 pm. If 
so, coupling less betWeen other optical Waveguide or optical 
?ber can be reduced because the optical ?eld of the 
Waveguide With 10 pm thin portion does not deform much. 
On the other hand, in order to reduce the effective refractive 
index nmW of the microWaves, “d” is preferably not more 
than 20 pm. 

Further, if “d” is particularly not more than 20 pm, it is 
clari?ed that When the Width S of the gap 4A, 4B betWeen 
the electrode ?lms is not less than 25 pm, the effective 
refractive index nmW of the microWaves tends to further 
decrease. 

EXAMPLES 

In the folloWing,more concrete examples Will be 
explained. 
(Experiment 1) 

Relationship among the thickness of the electrode ?lms, 
the effective refractive index nmW, the characteristic imped 
ance and Vat-L Was measured. 
Mach-Zender optical Waveguides 5A and 5B having a 

con?guration shoWn in FIG. 1 Were formed on the other 
main plane 2a of the Wafer according to a titanium-diffusing 
process or a photolithographic method. Then, electrode ?lms 
Were formed of Au. Then, more speci?cally, one main plane 
(a rear face) of a X-cut three-inch Wafer (LiNbO3) Was 
ground to make the Wafer 300 pm. 
A resist ?lm Was coated on this main plane, and the Wafer 

Was placed in an excimer laser Working machine Where the 
Wafer Was positionally aligned With a Working location With 
reference to a crystal orientation ?atness of the substrate. A 
KrF eximer laser Was used as a light source, the one main 
surface 2b Was Worked through exposure according to a spot 
scanning system. The optical system Was adjusted so that the 
siZe of the spot irradiated might be 1.0 mm in a scanning 
direction and 0.2 mm in Width With an irradiating energy 
density of 6.0 J/cm2. The rear side of the electrode ?lm Was 
Worked under a condition: a pulse Width of 15 nsec., a pulse 
frequency of 600 HZ and a scanning speed of 0.1 mm/sec., 
thereby forming a recess 3s. The thus produced Wafer Was 
cut into traveling Wave optical modulators by using a dicing 
saW machine, and end faces of the optical Waveguides Were 
optically polished. 
The thickness of the substrate 2 Was 300 pm, the Width of 

the recess 3 Was 150 pm, and the thickness “d” of the thin 
portion 2f Was 10 pm. Further, the Widths S of the gaps 4A 
and 4B betWeen the electrode ?lms Were 14 pm and 56 pm, 
respectively, and W Was 10 pm. Furthermore, Fx and F2 
Were 43 and 28, respectively. 
A single-core ?ber array holding a 1.55 pm single mode 

optical ?ber Was prepared, the optical modulator Was 
coupled to the array, and they Were bonded to each other, 
While the optical ?ber Was aligned With the optical 
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Waveguide. Thereafter, the effective refractive index nmW of 
the microwave and the characteristic impedance Were mea 
sured through TDR measurement. The thickness T of the 
electrode ?lm Was variously varied in a range of 5 to 35 pm. 

FIG. 2 is a graph shoWing a relationship betWeen the 
thickness T of the electrode ?lm and the effective refractive 
index nmW of the microWave. Contrary to expectation, it 
Was discovered that as T increases, the nmW value decreases. 

FIG. 3 is a graph shoWing the relationship betWeen T and the 
characteristic impedance. As T increased, the characteristic 
impedance decreased. FIG. 4 is a graph shoWing the rela 
tionship betWeen T and Vs'vL. It Was discovered that the 
drive voltage is not in?uenced by the thickness T of the 
electrode ?lm. 

(Experiment 2) 
The Widths S of the gaps 4A and 4B betWeen the 

electrodes, the effective refractive index nmW of the micro 
Wave and the characteristic impedance Was measured in the 
same manner as in Experiment 1. The Width W of the central 

electrode Was 10 pm, the thickness T of the electrode ?lm 
Was 16 pm or 28 pm, and the thickness “d” of the thin 

portion 2f Was 10 pm, 15 pm, 20 pm or 30 pm. Measured 
results are shoWn in FIGS. 5 and 6. 

As is seen from FIG. 5, in case of the thickness “d” of the 

thin portion being 30 pm, as the Width S of the gap increases, 
the effective refractive index nmW of the microWave tends to 
increase. Particularly, this tendency increases With increase 
in the thickness T of the electrode ?lm. On the other hand, 
it Was clari?ed that in the case of the thickness “d” of the thin 

portion being not more than 25 pm, particularly not more 
than 20 pm, as the Width S of the gap increases, the effective 
refractive index nmW of the microWave conspicuously 
decreases. 

As is seen from FIG. 6, as the Width S of the gap 
increases, the characteristic impedance also increases. 

(Experiment 3) 
The relationship betWeen the Width S of the gap 4A, 4B 

among the electrodes and VmL Was measured in the same 

manner as in Experiment 1. The Width W of the central 

electrode, the thickness T of the electrode ?lm and the 
thickness “d” of the thin portion 2f Were 10 pm, 30 pm, and 
10 pm, respectively. Measurement results are shoWn in FIG. 
7. 

As is seen from FIG. 7, as the Width S of the gap 

increases, VmL increases. 

(Experiment 4) 
The relationship betWeen the thickness “d” of the sub 

strate and the effective refractive index nmW of the micro 
Wave Was measured in the same manner as in Experiment 1. 

The S21 characteristic Was measured by a netWork analyZer, 
and a conductor less 0t Was calculated. The thickness “d” 

Was varied variously Within a range of 5 to 500 pm. With 
respect to the thickness T of the electrode ?lm, the Width S 
of the gap and the Width W of the central electrode, three sets 
of (30 pm, 42 pm, 10 pm), (10 pm, 42 pm, 10 pm), and (30 
pm, 20 pm, 10 pm) Were selected. FIG. 8 shoWs the 
relationship betWeen “d” and “nmW”, and Table 2 gives the 
relationship betWeen “d” and the electrode less 0t. 
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TABLE 2 

Thickness T of Width S of Width W of the 
the electrode ?lm the gap central electrode Conductor loss 0L 

(um) (um) (,um) (dB/GHZv; - cm) 

30 42 10 0.25 
10 42 10 0.5 
30 20 10 0.25 

It is seen from FIG. 8, if “d” is not more than 30 pm, 
further not more than 25 pm, nmW conspicuously decreases. 
In the case of “d” being not less than 10 pm, the velocity 
matching condition (nmW=2.15) could be satis?ed When the 
thickness T of the electrode ?lm Was 20 pm and the Width 
S of the gap not less than 25pm. 

(Experiment 5) 
The relationship betWeen the thickness “d” of the 

substrate, the effective refractive index nmW of the micro 
Wave and the characteristic impedance Zc Was measured in 
the same manner as in Experiment 1. Results are shoWn in 
FIGS. 9, 10 and 11. The thickness “d” Was varied variously 
Within a range of 5 to 500 pm. The thickness T of the 
electrode ?lm, the Width S of the gap and the Width W of the 
central electrode Were 30 pm, 42 pm and 10 pm, respec 
tively. As is seen from those results, for example, When d=10 
pm, a velocity matching condition (nmW=2.15) could be 
satis?ed (FIG. 9), and the characteristic impedance and the 
VmL could be matched to 50 Q and 11V-cm, respectively. 

According to the present invention, the traveling Wave 
optical modulator can effect the velocity matching betWeen 
the microWaves and the optical Waves in a modulating band 
Zone of not less than 10 GHZ-cm or more, Without reducing 
the thickness of the substrate doWn to less than 10 pm. 

What is claimed is: 
1. A traveling Wave optical modulator comprising a sub 

strate made of a ferrodielectric electro-optic single crystal 
and having a pair of opposing main planes, at least one 
optical Waveguide formed on a side of one of the main 
planes of the substrate, and a pair of electrode ?lms Which 
apply a voltage for modulating a light transmitting through 
the optical Waveguide and betWeen Which the optical 
Waveguide is located, Wherein the thickness of each of the 
electrode ?lms is not less than 20 pm and a Width of a gap 
betWeen a pair of the electrode ?lms is not less than 25 pm. 

2. The traveling Wave optical modulator set forth in claim 
1, Wherein the substrate has a thickness of not less than 10 
pm and not more than 50 pm at an area Where the optical 
Waveguide is located. 

3. The traveling Wave optical modulator set forth in claim 
2, Wherein the substrate comprises a thicker portion and a 
thinner portion, and the optical Waveguide is formed on the 
thinner portion. 

4. The traveling Wave optical modulator set forth in claim 
3, Wherein the thinner portion is a recessed portion formed 
from a side of the other main plane of the substrate. 

5. The traveling Wave optical modulator set forth in claim 
1, Wherein the each of the substrate and the optical 
Waveguide is made of at least one kind of single crystals of 
a lithium niobate, lithium tantalate and a lithium niobate 
lithium tantalate solid solution. 


